In the sheep fetus, pulmonary and renal concentrations of angiotensin-converting enzyme (ACE) increase towards term in parallel with the prepartum surges in plasma cortisol and tri-iodothyronine (T 3 ). The ontogenic change in pulmonary ACE has been shown to be induced, at least in part, by cortisol but the role of the thyroid hormones is unknown. Therefore, this study investigated the effects of thyroid hormones on tissue ACE concentration in fetal sheep during late gestation. Pulmonary and renal ACE concentrations were measured in sheep fetuses after experimental manipulation of thyroid hormone status by fetal thyroidectomy and exogenous hormone infusion. In intact fetuses, pulmonary and renal ACE concentrations increased between 127-132 and 142-145 days of gestation (term 145 2 days), coincident with the prepartum rises in plasma cortisol and T 3 . The ontogenic increment in pulmonary ACE concentration was abolished when the prepartum surge in T 3 , but not cortisol, was prevented by fetal thyroidectomy. At 143-145 days, ACE concentration in the lungs and kidneys of the thyroidectomised fetuses were both lower than those in the intact fetuses. In intact fetuses at 127-132 days, pulmonary ACE was upregulated by intravenous infusions of either cortisol (2-3 mg/kg per day) or T 3 (8-12 µg/kg per day) for 5 days. Renal ACE was unaffected by cortisol or T 3 infusion. Therefore, thyroid hormones have an important role in the developmental control of pulmonary and renal ACE concentration in the sheep fetus towards term. In addition, the prepartum rise in plasma T 3 appears to mediate, in part, the maturational effect of cortisol on pulmonary ACE concentration.
Introduction
In several species, tissue and circulating concentrations of angiotensin-converting enzyme (ACE) increase in the fetus towards term (Kokubu et al. 1977 , Wallace et al. 1979 , Sim & Seng 1984 , Raimbach & Thomas 1990 , Forhead et al. 1998b , 2000a . This enzyme is responsible for the production of angiotensin II (AII) and the degradation of bradykinin and, hence, ontogenic changes in its availability may have important implications for cardiovascular and renal development during the perinatal period. In experimental animals, maternal administration of ACE inhibitors during pregnancy leads to hypotension and renal dysfunction in the fetus, and has been associated with increased fetal mortality (Broughton Pipkin et al. 1982 , Lumbers et al. 1992 . Furthermore, treatment of neonatal rats and pigs with ACE inhibitors has been shown to cause abnormalities in renal structure and function which persist to adult life (Friberg et al. 1994 , Guron et al. 1998 .
In the sheep fetus, the developmental changes in tissue ACE expression observed towards term appear to be induced, in part, by cortisol. Previous studies have shown that the ontogenic rise in ACE concentration seen in fetal plasma, lung and kidney coincides with the prepartum cortisol surge (Forhead et al. 1998b (Forhead et al. , 2000b . Indeed, in immature sheep fetuses, exogenous infusion of cortisol has been shown to raise both plasma cortisol and pulmonary ACE concentrations to the levels normally seen in fetuses close to term (Forhead et al. 2000b) . The prepartum rise in plasma cortisol is known to have a number of maturational effects on the fetal lungs and other tissues near delivery (Liggins 1994) . Many of these effects are direct while others are mediated, at least in part, by glucocorticoidinduced changes in thyroid hormone activity (Forhead et al. 1998a (Forhead et al. , 2000c . In fetal sheep, cortisol stimulates the deiodination of thyroxine (T 4 ) to tri-iodothyronine (T 3 ) and thereby causes a prepartum rise in plasma T 3 (Thomas et al. 1978) . Hypo-and hyperthyroidism have been associated with changes in plasma and tissue ACE concentrations in adult life (Smallridge et al. 1983 , Montiel et al. 1987 . However, the role of thyroid hormones in the developmental control of tissue ACE in utero is unknown.
Therefore, the present study investigated the ontogeny of pulmonary and renal ACE concentrations in thyroidectomised fetuses in which the prepartum cortisol surge occurs in the absence of any concomitant change in plasma T 3 concentration. In addition, the effects of raising plasma T 3 alone to the level normally seen near term on tissue ACE concentrations were examined in immature intact fetuses.
Materials and Methods

Animals
Forty-five Welsh Mountain sheep fetuses of a known gestational age were used in this study. All but eight of the fetuses were twins. The number and gestational ages of the fetuses used in each experimental group are shown in Table 1 . The ewes were housed in individual pens, and were maintained on 200 g/day concentrates with free access to hay, water and a salt-lick block. Food, but not water, was withheld for 18-24 h before surgery. All surgical and experimental procedures were in accordance with the UK Animals (Scientific Procedures) Act 1986.
Surgical procedures
All surgical operations were carried out under halothane anaesthesia (1·5% in O 2 -N 2 O) with positive pressure ventilation. Between 105 and 110 days of gestation (term 145 2 days), 16 fetuses were thyroidectomised in utero using surgical techniques described previously (Hopkins & Thorburn 1972, Table 1 ). In all but seven of the remaining fetuses, intravascular catheters were inserted into the femoral artery and a branch of the femoral vein at between 115 and 119 days (Comline & Silver 1972) . All catheters were exteriorised through the flank of the ewe and secured in a plastic bag sutured to the skin. The catheters were flushed daily with heparinised saline solution (100 IU heparin per ml, 0·9% saline wt/vol.) from the day after surgery. At surgery, all fetuses were administered 100 mg ampicillin i. 
Experimental procedures
Eight intact fetuses were infused with saline (0·9% NaCl i.v., 3 ml/day) for 5 days before delivery for tissue collection at 127-132 days (Table 1 ). In addition, 14 fetuses were infused at the same rate with either cortisol (2-3 mg/ kg per day i.v., n=8; Efcortelan, Glaxo, Ware, UK) or T 3 (8-12 µg/kg per day i.v., n=6; Sigma, Poole, UK) for 5 days until delivery at 127-132 days (Table 1 ). The doses of exogenous cortisol and T 3 infused were calculated to mimic the plasma concentrations normally observed in the immediate prepartum period (Forhead et al. 2000c) . Eight of the thyroidectomised fetuses were delivered at 127-132 days, while the remaining eight thyroidectomised fetuses, together with the seven untreated intact fetuses, were delivered at 142-145 days of gestation ( Table 1) .
All of the fetuses were delivered by Caesarean section under general anaesthesia (20 mg/kg sodium pentobarbitone i.v.). At delivery, 5 ml blood samples were taken by venepuncture of the umbilical artery and placed into EDTA-containing tubes. The samples were centrifuged for 5 min at 1000 g and 4 C, and the plasma aliquots were stored at -20 C until analysis. A number of tissues were collected from the fetuses after the administration of a lethal dose of barbiturate (200 mg/kg sodium pentobarbitone). Samples of fetal lungs and kidneys were immediately frozen in liquid nitrogen and stored at 80 C until analysis. At delivery, there was no evidence of thyroidal remnants in any of the thyroidectomised fetuses.
Biochemical analyses
Pulmonary and renal ACE concentrations were determined by a spectrophotometric enzyme assay which used hippuryl-histidyl-leucine as a substrate (Forhead et al. 2000b) ; the inter-assay coefficient of variation was 4·3%. Tissue ACE concentration was expressed as nanomoles of hippurate generated per minute per milligram protein, where protein content was measured by the Lowry method (Lowry et al. 1951) . Plasma cortisol concentration was measured by RIA validated for use with ovine plasma as described previously (Robinson et al. 1983) . The lower limit of detection was 1·8 ng/ml and the inter-assay coefficient of variation was 11%. Plasma T 3 and T 4 concentrations were also measured by RIA using a commercial kit validated for ovine plasma (Fowden & Silver 1995, ICN Biomedicals, Thame, UK) . The lower limits of detection were 0·14 ng/ml for T 3 and 7·0 ng/ml for T 4 . The inter-assay coefficients of variation were 10% for both assays.
Statistical analyses
Previous work in our laboratory has shown that there are no significant differences in plasma cortisol, T 4 or T 3 concentrations between intact fetuses that have or have not been catheterised or sham-operated previously (Fowden & Silver 1995) . Therefore, valid comparisons were made between the data obtained from groups of fetuses with different numbers of surgical procedures. For each treatment group, the plasma hormone and tissue ACE concentrations in the singleton fetuses were within the range of values seen in the twin fetuses. Likewise, there were no differences in these concentrations between the male and female fetuses of each treatment group. Therefore, within each treatment group, values were pooled regardless of sex or gravity.
All data are presented as mean values S.E.M.s. Significant differences in the measurements made between the different groups of fetuses were assessed by one-way and two-way ANOVA, and unpaired t-test, where appropriate. When significant effects of treatment and/or gestational age were identified, pairwise multiple comparisons were made using the Tukey test. Data were log 10 -transformed where appropriate. Differences for which P<0·05 were regarded as significant.
Results
Effect of thyroidectomy on pulmonary and renal ACE concentrations
Both thyroidectomy and gestational age had significant effects on lung and renal ACE (P<0·05 in all cases, Fig. 1) , and for lung ACE there was a significant interaction between the effects of the two variables (P<0·01), i.e. the effect of thyroidectomy on lung ACE was dependent on gestational age. At 127-132 days of gestation, the concentrations of ACE in the fetal lungs and kidneys were unaffected by thyroidectomy: no significant differences in pulmonary or renal ACE were observed between thyroidectomised and intact fetuses (Fig. 1, P=0·087 for lung ACE). Between 127-132 and 142-145 days of gestation, a significant increase in pulmonary ACE was observed in the intact, but not thyroidectomised, fetuses (P<0·05, Fig.  1a) . A significant increase in renal ACE was also seen in both intact and thyroidectomised fetuses with increasing gestational age (P<0·05 in both cases, Fig. 1b) . However, at 142-145 days, concentrations of pulmonary and renal ACE in the thyroidectomised fetuses were significantly lower than those measured in the intact fetuses at the same gestational age (P<0·05 in both cases, Fig. 1 ). Between 127-132 and 142-145 days of gestation, plasma cortisol concentration was increased significantly in both groups of intact and thyroidectomised fetuses (P<0·05 in both cases, Fig. 2a ). There were no significant differences in plasma cortisol between the intact and thyroidectomised fetuses at either gestational age (Fig. 2a) . At 127-132 days, plasma T 3 concentration was below the lower limit of detection of the assay in both groups of fetuses (Fig. 2b) ; plasma T 4 concentration was also undetectable in the thyroidectomised fetuses (Fig. 2c) . At 142-145 days, the mean value of plasma T 3 in the thyroidectomised fetuses was just above the limit of detection of the assay but was significantly lower than the concentration seen in the intact fetuses at the same gestational age (P<0·05, Fig. 2b ). No gestational change in plasma T 4 concentration was seen in the intact fetuses, and plasma T 4 remained undetectable in the thyroidectomised fetuses at 142-145 days (Fig. 2c) .
Effect of cortisol and T 3 infusion on pulmonary and renal ACE concentration
Pulmonary, but not renal, ACE concentration was increased in intact fetuses at 127-132 days when either fetal plasma cortisol or T 3 concentrations were raised by exogenous infusion to the values seen near term (Fig. 3) . At 127-132 days, an infusion of cortisol for 5 days caused a significant increase in pulmonary ACE concentration (P<0·05, Fig. 3a) . The level of ACE in the lungs of the cortisol-infused fetuses was significantly greater than that observed in the fetuses infused with saline (P<0·05, Fig.  3a) , and was similar to that seen in the untreated fetuses studied at 142-145 days (Figs 1a and 3a) . Renal ACE concentration in the cortisol-infused fetuses was not significantly different from that measured in the fetuses infused with saline (Fig. 3b) . A significant increase in pulmonary ACE was also induced by an exogenous infusion of T 3 for 5 days (P<0·05, Fig. 3a) . Pulmonary ACE concentration in the T 3 -infused fetuses was significantly greater than that observed in the fetuses infused with saline (P<0·05, Fig. 3a ). In addition, the level of ACE measured in the lungs of the fetuses infused with T 3 was not significantly different from those seen in the fetuses infused with cortisol (Fig. 3a) , but was lower than that in the untreated fetuses studied at 142-145 days (P<0·05, Figs 1a and 3a) . Renal ACE concentration in the T 3 -infused fetuses remained unchanged from the level seen in the saline-infused fetuses (Fig. 3b) .
On the fifth day of infusion, plasma concentrations of cortisol and T 3 were significantly greater in the cortisolinfused fetuses compared with the fetuses infused with saline (P<0·05 in both cases, Fig. 4a and b) . In the fetuses infused with T 3 , plasma T 3 , but not cortisol, was significantly increased above the values seen in the saline-infused fetuses on the fifth day of infusion (P<0·05, Fig. 4a and b) . Plasma T 3 concentration was similar in the fetuses infused with either cortisol or T 3 (Fig. 4b) . No significant difference in plasma T 4 concentration was observed between the saline, cortisol and T 3 -infused fetuses at delivery (Fig. 4c) .
Discussion
The present study showed that the thyroid hormones are essential for the maintenance of normal ACE concentrations in the lungs and kidneys of fetal sheep during late gestation. Hypothyroidism induced by fetal thyroidectomy was associated with reductions in pulmonary and renal ACE near term. In the fetal lungs, the increment in ACE concentration normally seen towards term was abolished when the prepartum rise in plasma T 3 but not cortisol was prevented by thyroidectomy.
This study is the first to report the developmental control of tissue ACE concentration by the thyroid hormones in utero, although their effects on tissue and circulating ACE have been described previously in neonatal and adult animals. In neonatal rats, plasma, pulmonary and duodenal ACE concentrations, and pulmonary ACE mRNA abundance, are reduced by maternal administration of anti-thyroid drugs over the perinatal period (Jimenez et al. 1990 , Costerousse et al. 1994 . In addition, the ontogenic increments in plasma and pulmonary ACE observed immediately after birth are suppressed by hypothyroidism induced by drug treatment (Jimenez et al. 1990 , Costerousse et al. 1994 . Administration of T 3 to adult rats has been shown to increase renal and plasma ACE levels but, in contrast, it causes a reduction in ACE concentration in the lungs (Michel et al. 1994) . Several studies have also described a relationship between plasma ACE and thyroid hormone status in patients with a variety of thyroidal disorders (Smallridge et al. 1983) . Hypothyroidism and hyperthyroidism have been associated with low and high circulating concentrations of ACE respectively, which are restored to normal values by corrective treatment (Smallridge et al. 1983) . In adult sheep, administration of thyroxine for 2 weeks has been shown to increase serum ACE levels (Verma et al. 1986 ). Therefore, this and previous studies demonstrate that the thyroid hormones have an important role in the control of tissue ACE concentrations before and after birth and, in addition, may increase the release of membrane-bound ACE into the circulation.
In the present study, the mean plasma concentration of T 3 in the thyroidectomised fetuses close to term was just above the lower limit of assay detection. One possible source of T 3 in these fetuses may have been the sulphated forms of the thyroid hormones (T 4 S, T 3 S and reverse T 3 S) which are abundant in the circulation of fetal sheep (Polk et al. 1994) . Thyroidectomy in the sheep fetus causes a reduction in plasma T 4 S and reverse T 3 S concentrations, but plasma T 3 S levels are maintained for at least 2 weeks after thyroidectomy (Wu et al. 1993) . It is possible that the endogenous rise in plasma cortisol seen in the older thyroidectomised fetuses may activate the conversion of T 3 S to T 3 . Indeed, an exogenous infusion of cortisol in thyroidectomised fetuses at 127-132 days of gestation significantly increases plasma T 3 from an undetectable concentration to the high levels seen in intact fetuses near term (Forhead et al. 1998a) .
In the present study, an exogenous infusion of cortisol in intact fetuses, which raised plasma concentrations of both cortisol and T 3 to the levels normally seen near term, caused a significant increase in pulmonary ACE to within the range of values observed in mature fetuses. Likewise, prematurely raising plasma T 3 alone by exogenous T 3 infusion also elevated pulmonary ACE. These findings suggest that T 3 may mediate, in part, the effect of endogenous and exogenous increments in cortisol on pulmonary ACE in utero. Alternatively, T 3 may act in association with cortisol as seen previously for other ontogenic changes in fetal tissues, including the lungs (Kitterman 1984 , Forhead et al. 1998a , 2000d .
Although the ontogenic increments seen in ACE in both the fetal lungs and kidneys appear to depend upon the prepartum surge in plasma T 3 , renal ACE was unresponsive to changes in thyroid hormone concentrations earlier in gestation. Elevations in plasma T 3 induced by both exogenous cortisol and T 3 infusions had no effect on renal ACE at 127-132 days. Therefore, in the sheep, the fetal lungs appear to be responsive to thyroid hormones from an early age while the kidney may not become sensitive until close to term. The tissue-specific effect of the thyroid hormones may be related to receptor expression and/or tissue deiodinase activity at this gestational age, although other physiological systems in both the lungs and kidneys are responsive to the thyroid hormones in utero (Kitterman 1984 , Forhead et al. 2000d . To date, the ontogeny and localisation of pulmonary and renal thyroid hormone receptors have not been described in fetal sheep. The ability to convert T 4 to T 3 increases at delivery in the ovine fetal kidney, but is not affected by cortisol treatment earlier in gestation (Wu et al. 1978) . Therefore, the local tissue concentrations of T 3 may be much higher in the kidneys of the sheep fetus near term than in the immature saline-and cortisol-infused fetuses. Alternatively, as seen in adult animals, the thyroid hormones may have variable effects on ACE concentration in different tissues (Michel et al. 1994) .
The thyroid hormones may affect tissue ACE concentrations by a number of mechanisms. First, they may act directly on the gene expression and/or protein synthesis of ACE. Both T 4 and T 3 have been shown to induce ACE synthesis in bovine endothelial cells in vitro (Krulewitz et al. 1984 , Dasarathy et al. 1990 . Second, thyroid hormones may influence other components of the reninangiotensin system which, in turn, may lead to changes in tissue ACE concentration. In adult rats, circulating angiotensinogen and AII levels, and renin activity, are decreased by hypothyroidism and activated by hyperthyroidism (Bouhnik et al. 1981 , Marchant et al. 1993 . Likewise, the ontogenic changes in plasma renin and AII concentrations seen in neonatal rats are attenuated by maternal anti-thyroidal treatment (Matilla et al. 1993) .
Although the sensitivity of renin release to -adrenergic stimulation is impaired by thyroidectomy in adult rats (Bouhnik et al. 1981) , the thyroid hormones can influence the activity of the renin-angiotensin system independent of the sympathetic nervous system (Kobori et al. 1997) . Therefore, in the present study, tissue ACE concentrations may have been affected by changes in substrate availability induced by the thyroid hormones. However, the effects of the thyroid hormones on angiotensinogen and renin release in utero are unknown.
The regulation of tissue ACE and, in turn, the activities of the renin-angiotensin and kallikrein-kinin systems by the thyroid hormones may have implications for cardiovascular and renal function in utero. Sheep fetuses thyroidectomised between 80 and 87 days have lower heart rates and blood pressure than intact fetuses later in gestation (Bhakthavathsalan et al. 1981 , Walker & Schuijers 1989 . This may be due to suppression of AII and upregulation of bradykinin activities as well as to changes in the autonomic nervous system (Walker & Schuijers 1989) .
The findings of the present study may also provide a mechanism for the control of tissue growth and development by the thyroid hormones in utero. In fetal sheep, thyroidectomy causes a reduction in lung but not kidney size at term (Bhakthavathsalan et al. 1981) . Furthermore, the thyroid hormones are recognised to have an important role in the maturation of the fetal lungs and their preparation for extrauterine life (Kitterman 1984) . These observations may be related to the effects of the thyroid hormones on tissue ACE concentration and the local production of AII. Angiotensin II is known to stimulate vascular smooth muscle cell growth and proliferation both directly and via the actions of locally produced growth factors (Berk et al. 1989 , Delafontaine & Lou 1993 . Indeed, activation of the circulating and tissue reninangiotensin systems has been shown to be responsible for the renal hypertrophy seen in hyperthyroid adult rats (Kobori et al. 1998) . Therefore, interactions between the thyroid hormones and the renin-angiotensin system, via changes in tissue ACE concentration, may be important for normal growth and development of certain organs in both fetal and adult life.
